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ABSTRACT
The observed properties of young star clusters, such as the core radius and luminos-
ity profile, change rapidly during the early evolution of the clusters. Here we present
observations of 6 young clusters in M51 where we derive their sizes using HST imag-
ing and ages using deep Gemini-North spectroscopy. We find evidence for a rapid
expansion of the cluster cores during the first 20 Myr of their evolution. We confirm
this trend by including data from the literature of both Galactic and extra-galactic
embedded and young clusters, and possible mechanisms (rapid gas removal, stellar
evolutionary mass-loss, and internal dynamical heating) are discussed. We explore the
implications of this result, focussing on the fact that clusters were more concentrated
in the past, implying that their stellar densities were much higher and relaxation
times (trelax) correspondingly shorter. Thus, when estimating if a particular cluster is
dynamically relaxed, (i.e. when determining if a cluster’s mass segregation is due to
primordial or dynamical processes), the current relaxation time is only an upper-limit,
with trelax likely being significantly shorter in the past.
Key words: galaxies: star clusters – galaxies: individual M51 – Galaxy: open clusters
and associations: general
1 INTRODUCTION
The early evolution of stellar clusters and aggregates has
a rich variety of physical processes at work including: stel-
lar formation and evolution, gas inflow and outflow, stellar
feedback and turbulence, the merging of stellar clumps and
possibly, stellar interactions. The combination and effective
efficiencies of these processes determine if the cluster, or
part thereof, becomes/remains bound or if it forms an un-
bound loose aggregate of stars which will slowly blend into
the background field population. These processes leave their
mark on the cluster, in the size (core or effective radius),
mass, profile shape, and possibly on the stellar mass func-
tion.
This work is a continuation of our previous investiga-
tions on the implications of rapid residual gas expulsion
(RGE) on the survivability and properties of young clus-
ters (Bastian & Goodwin 2006; Goodwin & Bastian 2006).
In previous papers we have explored the evolution of the
luminosity profile of the clusters as well as their dynami-
cal state. Both were found to be highly variable which led
us to conclude that the observed properties of young clus-
ters were merely snapshots in their evolution and should
not be regarded as their final properties. One general pre-
diction from our models, as well as other models of RGE
(e.g. Goodwin 1997, Kroupa & Boily 2002), is that the clus-
ter will expand in response to the loss of the residual gas,
the exact amount of which will depend on the (effective)
star-formation efficiency1.
In the current work, we investigate the evolution of core
radii for a sample of young clusters. The sample is partly
composed of a small survey of young (age < 30 Myr) clus-
ters in M51 for which we use high S/N (> 100) optical spec-
tra in order to derive their ages, and HST-ACS imaging to
1 Goodwin (2008) reiterates that it is not the star formation ef-
ficiency per se that is the critical factor in determining the effect
of RGE, rather the dynamical state of the cluster at the onset of
RGE which can be parameterised as an effective star formation
efficiency.
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derive their core radii. We supplement this sample with clus-
ters taken from the literature, composed of both embedded
and open clusters in the Galaxy, as well as massive extra-
galactic clusters. These datasets are designed to complement
the study of Mackey & Gilmore (2003) who derived the core
radius for 63 clusters in the LMC/SMC and found a strong
relation between the core radius of a cluster and its age (as
first found by Elson 1991), in the sense that older clusters
have a wider spread of core radii than young clusters.
The core radius of a cluster is a particularly interest-
ing parameter as it is largely responsible for setting the
timescale over which the cluster evolves dynamically. For a
given mass, it is the core radius which will set the core relax-
ation timescale and determine how quickly dynamical mass
segregation proceeds and whether or not stellar mergers are
likely to take place (Freitag et al. 2006), assuming that the
underlying stellar IMF is sufficiently broad (Gu¨rkan, Freitag,
& Rasio 2004). The core radius of the cluster is expected to
increase during the first few 10s of Myr due to three main
effects. Firstly, from stellar evolution in which the most mas-
sive stars lose mass (this effect is heavily amplified if the core
is mass-segregated2 - e.g. Mackey et al. 2007). Secondly, due
to the expulsion of gas left over from the non-100% efficiency
star-formation process (RGE, see Goodwin & Bastian 2006;
Goodwin 2008 and references therein). Thirdly, dynamical
heating of the core through ’dark objects’ (i.e. black holes
and neutron stars) interactions with lower-mass stars (e.g.
Merritt et al. 2004, Mackey et al. 2007,2008). All three ef-
fects are understood relatively well theoretically (see the re-
cent review by Baumgardt & Kroupa 2007) and all are likely
to play a large role. The goal of the present paper is to test
this theoretical framework with observations. In addition to
the above effects, external perturbations such as interactions
with GMCs and other clusters, disk shocking and spiral arm
passages are expected to also heat the cluster, causing them
to expand (e.g. Gieles et al. 2006,2007)
This paper is organised in the following way. In § 2 we
present the observations and numerical techniques. In § 3 we
describe in detail the methods employed to derive the age
and core radius of each of the clusters in the M51 sample. In
§ 4 the age-core radius relation is discussed using the M51,
Galactic and other extra-galactic cluster samples and in § 5
possible mechanisms are summarised. We discuss the results
and implications in § 6 and summarise the results in § 7.
2 OBSERVATIONS
The spectroscopic observations were taken the nights of
May 25-26th, 2006, using the GMOS spectrograph on the
Gemini-North telescope in long slit mode (PI Bastian, GN-
2006A-C-9). We used a slit width and length of 1.0” and
5.5’ respectively, and the B600 grating to achieve a resolu-
tion of ∼ 150 km/s. We chose three slit positions which were
based on the catalogue of young cluster complexes in M51 by
Bastian et al. (2005), and we use their naming convention
throughout this paper (the cluster positions in the galaxy
can be found using Fig. 1 in Bastian et al. 2005). For each
2 i.e. the most massive stars are found preferentially in the cen-
tre of the cluster, more than would be expected from randomly
sampling from the stellar IMF in a centrally concentrated profile.
slit position, we obtained two 1800s exposures, which were
centred on 508 and 512 nm. For all observations the seeing
was in the 70th percentile (i.e. better than 0.8”). The data
were flat-fielded, bias subtracted, wavelength calibrated, ex-
tracted, and combined using standard Gemini/IRAF soft-
ware.
Since the slit positions were chosen to cover multiple
complexes in the same pointing, the positions were indepen-
dent of paralactic angle. As such, we have not corrected for
wavelength dependent slit losses, which accounts for some of
the observed differences in the spectral shapes of the clus-
ters. The slit and cluster positions are shown in Fig. 1, their
coordinates are given in Table 1 and the spectra are shown
in Fig. 2.
Each slit contained one to four clusters with individual
clusters a1 and G2b observed during two different pointings
(i.e. for a total of four exposures for these clusters). The
spectra show features common to young stellar populations,
namely a combination of emission lines and strong Balmer
absorption lines.
The structural parameters of the clusters were derived
using HST-ACS-WFC observations (F435W, F555W, and
F814W). These observations were taken as part of the Hub-
ble Heritage Project in January 2005 (proposal ID 10452, PI:
S. V. W. Beckwith) and the data reduction and processing
are described in detail in Mutchler et al. (2005). Through-
out this paper we will use the standard B, V, I notation to
discuss the colours of the clusters, however we note that no
transformation has been applied.
We adopt a distance to M51 of 8.4 Mpc (Feldmeier et
al. 1997).
3 MEASURING PARAMETERS
3.1 Ages
Optical spectra are a powerful way to derive accurate ages
for young clusters (e.g. Trancho et al. 2007a,b). For the
present study we adopt the technique presented in Kon-
stantopoulos et al. (2008), and we refer the reader there for
the details of the method. In short, the method compares
the detailed line profile shapes of the Hγ and Hβ lines with
the Gonzalez-Delgado et al. (2005) simple stellar population
models which have been degraded in resolution to match the
observations (we have used a Salpeter stellar IMF, and solar
metallicity tracks). The comparison between the model and
observed spectra is done on rectified spectra in two bands
which straddle the line. The centre of the line is avoided in
order to minimise contamination from any underlying emis-
sion component. This comparison is done for model ages
between 4 Myr and 10 Gyr and the model with the lowest
reduced χ2, χ2ν , is selected. The range of acceptable model
ages was determined by comparison of the models and ob-
servations by eye. In particular, we compared the line width
and overall profile fit, including small features in the profile
which were seen in the observed spectrum as well as the best
fit model. An example of the procedure (3cl-a), is shown in
Figure 3.
We have also fitted clusters a1, g2a, 3cl-a, and 3cl-b with
SSP model tracks with Z=0.008, for which find good agree-
ment with the solar metallicity fits. The results are given in
c© 2005 RAS, MNRAS 000, 1–9
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Figure 1. Top: Slit positions superimposed on HST F555W and
Hα (continuum subtracted) images of four of the clusters in the
sample. Each image is 27.5” by 33.75”, corresponding to 1.12 kpc
by 1.375 kpc. North is up and east is to the left. Bottom: Slit
positions superimposed on HST F555W and Hα (continuum sub-
tracted) images of the two clusters within the complex G2. Each
image is ∼ 610 pc on a side. All images are shown in negative
scaling, where dark shading refers to greater intensity and light
regions are places of low intensity or high extinction.
Table 1, however due to the good agreement, we will adopt
the ages derived assuming solar metallicity throughout the
paper. We note that cluster a1 is found in the center of
an Hα bubble which is approximately 80 pc in radius. This
may argue for a higher age, namely that found using the
Z=0.008 models, but for consistency we adopt the younger
Z=0.02 results for cluster a1.
For cluster 3cl-c, the lack of any absorption lines in the
observed spectrum make this technique unfeasible. However,
this cluster appears to be deeply embedded in a dust lane
and has strong emission associated with it (see top panel of
Fig. 1), which points to a very young age (<< 10 Myr). Ad-
ditionally, the ’blue bump’ is clearly observable in the spec-
trum at ∼ 4650 A˚ which is a feature normally attributed
to the presence of Wolf-Rayet stars. Such stars have very
short lifetimes and their presence in the cluster indicates an
age between 2 and 5 Myr (see Crowther 2007 and references
therein).
Cluster G2b appears similar to 3cl-c in the lack of strong
absorption lines. It does not, however, show any strong Wolf-
Rayet features in the spectrum. Due to the proximity of this
cluster to the Hii region seen in the right panel of Figure 1,
we associate this cluster with a young age, namely 5±2 Myr.
Figure 2. Spectra of the six clusters observed in M51. Differences
in the continua of the spectra are due to different amounts of
extinction and also due to the time and angle of the different
slits, as no atmospheric dispersion correction was applied. Strong
emission lines in cluster 3cl-c are labelled in the inset.
3.2 Structural Parameters
In order to determine the structural parameters of the clus-
ters we used the ISHAPE algorithm (Larsen 1999). We em-
pirically derived the PSF from bright isolated stars in the
field of view.
• 3cl-a, 3cl-b, a1: These three clusters are extremely
bright in all three bands (BVI) and hence we were able to
have the index of the Elson, Fall & Freeman (1987, here-
after EFF) profile as a free parameter. A fitting radius of 15
pixels (∼ 30 pc) was used. The errors were estimated from
the standard deviation between the B, V, and I-band fits.
We have also estimated the errors in the fits using version
0.93.9beta of ISHAPE, which calculates the errors, including
correlations between the parameters, and find errors slightly
smaller than the standard deviation between the filters.
• G2a: No best fitting profile could be found, so we as-
sumed an EFF profile and varied the index between 1 and
2.5 (2 6 γ 6 5), which are typical values for clusters in the
LMC (e.g. Mackey & Gilmore 2003). We carried out the fits
on all three bands (BVI) and took the average. The error
was estimated in the same way as the above clusters.
• 3cl-c,G2b: We used a fitting radius of 10 pixels due
to contamination from nearby objects. No clear best fitting
profile could be found. We put an upper limit on the size
by fitting EFF profiles with indices between 1 and 2.5 (2 6
γ 6 5) and found cluster radii between 0 (unresolved) and
0.42 pc.
One potential caveat in this method is that it implic-
itly assumes that the distribution of light within the cluster
represents the underlying distribution of mass. If these clus-
ters are, however, severely mass segregated then the profile
derived from the light will underestimate the actual core ra-
dius (since the light will be dominated by the most massive
stars which are more concentrated than the lower mass stars
- e.g. Gaburov & Gieles 2008).
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Table 1. The properties of observed clusters in M51
Cluster ID agea χ2ν,best
b agec Rcore Coordinates
(Myr) (Myr) (pc) (J2000)
a1 5 8.9
4
4.1 7.3 10
4
0.63 ± 0.10 13:29:54.64 47:12:08.1
3cl-a 16.5 25.1
12.6 1.5 20
28
14
1.65 ± 0.05 13:29:55.59 47:11:50.9
3cl-b 5 6
4
4.7 6 4
10
1.02 ± 0.33 13:29:55.67 47:11:48.8
3cl-c 3 5
2
d – – 0.38e 13:29:55.81 47:11:45.6
G2a 6 14
4
1.9 10 12
5
1.08 ± 0.35 13:29:43.31 47:11:38.8
G2b 5 7
3
– – 0.42e 13:29:43.02 47:11:37.8
a The best fit age is given (solar metallicity), along with the lower
and upper limits as defined in the text.
b χ2 of the best fitting template age for Hβ.
c Same as for (a), but for Z=0.008.
d Age based on the presence of Wolf-Rayet emission features in
the spectrum.
e Only an upper limit, as discussed in the text.
4 THE CORE RADIUS/AGE RELATION
Figure 4 shows the relation (filled blue circles) between the
derived core radius and age for the six clusters in M51.
There is a clear relation, with older clusters being larger
than younger ones.
Young clusters are generally not found in isolation, but
rather as parts of larger complexes due to the hierarchy of
star-formation (e.g. Zhang, Fall, & Whitmore 2001; Bastian
et al. 2005). As such, we expect, and observe, many sources
around the young clusters (e.g. in the complex G2). These
additional sources may cause blending with the clusters of
interest, making them appear larger than they actually are.
This bias, however, works in the opposite way to the ob-
served trend (that the younger clusters are smaller), hence
the actual trend may be stronger than we have observed.
In order to check if the observed relation between age
and core radius is simply a reflection of an underlying mass-
radius relation, we have estimated the mass of each of
the clusters. For this we have compared the observed BVI
colours of each cluster to the GALEV simple stellar pop-
ulation models, assuming solar metallicity and a Salpeter
IMF (Anders & Fritze-v. Alvensleben 2003). We use the best
fitting spectroscopic age of each cluster and determine the
cluster reddening based on the deviation between the ob-
served colours and those expected at that age. We then use
the age dependent M/L ratios to estimate the mass using
the extinction corrected V-band flux.
We find that clusters a1, 3cl-a, 3cl-b, and 3cl-c have
similar masses within a factor of two (∼ 0.7−1.3×105 M⊙).
G2a and G2b have similar masses (a few ×104M⊙), although
G2a is at least twice as large (core radius) as G2b. Hence we
conclude that there is not any strong mass-radius relation
present within this small dataset.
In order to understand the Rcore-age relation we
searched the literature and found young clusters which have
had their ages and core radii measured. We take only clus-
ters which have had their ages derived by either CMD fit-
ting or spectroscopic age dating in order to have as clean
a sample as possible. Mackey & Gilmore (2003) presented
a large database of LMC/SMC clusters with accurate core
radii and ages, these are shown as open squares in Fig. 4.
In the Galaxy there have been a number of massive young
clusters discussed, including NGC 3603, Westerlund 1, West-
erlund 2, the Arches, and the Orion Nebula Cluster (com-
pilation taken from Brandner et al. 2007; however using an
age of 1.5 Myr for the ONC - Jeffries 2007), NGC 2316
(Teixeira et al. 2004), Trumpler 14 and DBSB48 (Ortolani
et al. 2008). Some massive extra-galactic clusters have also
been included, namely: NGC 1569B (Larsen et al. 2008),
NGC 5236-805 (Larsen & Richler 2004), NGC 6946-1447
(Larsen et al. 2001), M82F (Bastian et al. 2007, and refer-
ences therein), and M82-A1 (Smith et al. 2006).
In addition, we also include surveys of cluster systems.
The surveys are included in Fig. 4 as large open symbols,
where the error bars on Rcore represent the standard de-
viation of all members and the symbols represent the me-
dian. The Rosette nebula (Roman-Zuniga et al. 2007) was
included, which is a group of nine clusters still in the em-
bedded phase (age∼ 3 − 5 Myr). We include the survey of
embedded clusters by Lada & Lada (2003) (assigning an av-
erage age of 3± 2 Myr). From the Kharchenko et al. (2005)
catalogue of open clusters we take the mean core radius of
all clusters with ages between 10 and 30 Myr (three clusters
with estimated core radii larger than 20 pc were excluded).
We have taken the mean values of Johnson et al. (2003) for
young embedded radio detected clusters in IC 4662 whose
core radii were estimated to be less than 1 pc, with adopted
ages of 1-3 Myr. Finally, we include all clusters in M82 with
ages between 100 and 200 Myr, from the recent study by
Konstantopoulos et al. (2008b - in prep.).
Figure 4 clearly shows that the all of the clusters follow
the trend observed in the M51 clusters – core radii increasing
with age. The possible causes of this, and the implications
are discussed in the next section.
Such a relation between cluster size and age has been
seen before, albeit with smaller samples. Roma´n-Zu´n˜iga et
al. (2007) have recently shown a similar relation among
seven embedded clusters in the Rosette nebula, which they
attribute to the effects of RGE. In this case, the clusters are
expected to have ages less than ∼ 5 Myr, and hence should
c© 2005 RAS, MNRAS 000, 1–9
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Figure 3. The observed spectra and best fitting template spectra
for cluster 3cl-a around the Hγ (top) and Hβ (bottom) absorption
lines. The (blue) dashed boxes represent the spectral wavelength
region used in the fits, where the centre of each line was not used
due to a clear emission component. The lower plot in each panel
shows the χ2ν result for each model fit, along with the best fitting
model (marked as a vertical dashed line).
not have had a significant amount of mass loss due to stellar
evolution. Additionally, in a sample of young extra-galactic
clusters, Ma´ız-Apella´niz (2001) found a relation between the
size of a cluster and its age, which he attributed mainly to
stellar evolutionary mass-loss. Comparison of detailed N-
body models with observations of the Orion Nebular cluster
also led Scally, Clarke, & McCaughrean (2005) to suggest
that, despite its young age (∼ 1.5 Myr), this cluster was
substantially more dense in the past. Figer (2008) has esti-
mated the density of young massive clusters in the Galaxy,
and using his data (excluding the Galactic Centre cluster)
it is clear that there is a strong trend of decreasing den-
sity with increasing age, consistent with the findings of the
current study. Brandner (2008) also has noted that young
clusters in the Galaxy have larger sizes at higher ages. Fi-
nally, we note that Scheepmaker et al. (2007) found larger
sizes for red (presumably older) clusters in the disk of M51
Figure 4. The relation between core radius and age of M51 clus-
ters (filled blue circles) and other clusters taken from the liter-
ature. The large symbols represent median values of cluster sur-
veys, see text for details. The dashed (red) line is a logarithmic fit
to the data, done by eye (Rcore[pc] = 0.6× ln (age[Myr])− 0.25).
than blue clusters, however precise age dating of the clusters
was not available.
5 POSSIBLE CAUSES
As mentioned in § 1, there are a number of possible causes
for the expansion of cluster cores with age. We limit our
discussion here to causes that operate on the early evolution
of clusters (. 100 Myr).
5.1 Expansion by dynamical heating due to
stellar mass black holes
Merritt et al. (2004) andMackey et al. (2007, 2008) have sug-
gested that the presence of stellar mass black holes in star
clusters can lead to the expansion of the core radius. The
stellar mass black holes form a dynamically distinct (invis-
ible) ‘core’ and transfer energy into a stellar ‘halo’ causing
the halo to expand, thus increasing the observed (i.e. stel-
lar) core radius. Merritt et al. (2004) explain the spread in
the observed core radii with age in the LMC/SMC data of
Mackey & Gilmore (2003) by effectively changing the ini-
tial size scale of the cluster (through changing the scaling to
N-body units). Mackey at al. (2007, 2008) can explain the
same spread by introducing different degrees of initial mass
segregation into their clusters and by changing the fraction
of black holes that are retained by the cluster (ie. not lost
due to large natal kick velocities).
5.2 Stellar evolution
When a star cluster loses mass, it will expand in an attempt
to regain virial equilibrium. The mass loss due to stellar
evolution will therefore result in an expansion of the core
during the first . 100Myr when a large fraction (∼ 20%)
c© 2005 RAS, MNRAS 000, 1–9
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of the initial mass is lost. However, detailed N-body simu-
lations including this effect find that the maximum growth
factor of the core radius is only about a factor of two (e.g.
Portegies Zwart et al. 1999).
However, Mackey et al. (2007, 2008) show that the ef-
fect of stellar evolution on the expansion of a cluster is far
more significant if primordial mass segregation is included
(Mackey et al. allow their cluster to relax for 450 Myr be-
fore turning-on stellar evolution). Their mass segregated
clusters are initially compact, with Rcore ≃ 0.25 pc at
t ≃ 2 − 3Myr, which lies nicely on our empirical fit in
Fig. 4. Due to the high fractional mass loss by stellar evo-
lution in the core, the value of Rcore, in the simulations of
Mackey et al. (2007,2008), increases with log(age) roughly
as Rcore = 2 log(age) − 1, which resembles our empirical
curve Rcore = 1.4 log(age) − 0.25. If we attribute the core
expansion as observed in Fig. 4 entirely to stellar evolution,
it implies that all of the clusters we observe started with a
strong degree of mass segregation. Gaburov & Gieles (2008)
note that Rcore of mass segregated star clusters appear to
increase with age by roughly a factor of two, due to the
massive stars that populate that core at young ages (this
effect is also included by Mackey et al. 2007, 2008).
5.3 Residual gas expulsion (RGE)
Clusters initially contain a significant gas fraction which is
expelled by feedback from the most massive stars after a
few Myr. The rapid change in the potential of the cluster
causes the cluster to expand, and possibly be destroyed (see
Goodwin 2008 and references therein). Simulations show
that Rcore will expand by a factor of 5 – 10 over ∼ 10 Myr
as the cluster attempts to regain virial equilibrium (see esp.
Kroupa et al. 2001; Goodwin & Bastian 2006; Baumgardt
& Kroupa 2007). The Rcore evolution of unbound clusters is
very similar to the empirical fit of Fig. 4, i.e. Rcore increases
linearly with log(age). Baumgardt & Kroupa (2007) find
clusters that remain bound after an expansion of a factor of
∼ 5, making RGE a plausible explanation for the observed
increase in Rcore. However, Baumgardt & Kroupa (2007) de-
fined their core radii in terms of the Lagrangian radii, which
contains a fixed fraction of the total mass, as compared to
our method which defines the core radius in terms of a profile
fit. Therefore a direct comparison between the works should
be taken with caution.
For the clusters that remain bound after RGE, Rcore
reaches a maximum and then decline after RGE. The rea-
sons for this are twofold. Firstly, clusters tend to ‘overshoot’
in their attempt to re-virialise and oscillate around virial
equilibrium. Thus the Rcore are sometimes larger than for a
virialised cluster. Secondly, Rcore as measured from observa-
tions will tend to overestimate the final (‘true’) Rcore. After
RGE a cluster will lose a (significant) fraction of its stars
even if a bound cluster remains at the end (‘infant weight
loss’, see e.g. Goodwin & Bastian 2006). However, stars es-
cape at a finite speed and so will be physically associated
with the cluster for several Myr (as appears to be observed
in a number of clusters as an excess of light at large radii, see
Bastian & Goodwin 2006). Thus an observer may fit a pro-
file that over-estimates Rcore for the final, luminosity profile
of the equilibrium cluster (Goodwin & Bastian 2006).
5.4 A combination of effects
Stellar evolution and an associated expansion in the core
radius must occur in young clusters. However, how effective
this is is clearly highly dependent on the degree of mass
segregation present in the cluster at the onset of massive
star death.
Similarly, RGE must occur as after a few Myr clusters
change from being embedded to naked. However, the effec-
tiveness of gas expulsion depends significantly on the dy-
namical state of the cluster at the onset of gas expulsion, a
factor for which we have very few observational or theoreti-
cal constraints (Goodwin 2008).
The presence of a significant ‘dark’ component in clus-
ters as required for later dynamical expansion is difficult to
determine observationally. It seems plausible that at least
some of the massive stellar remnants from early stellar evo-
lution should remain in the cluster, but the numbers and
their dynamical importance are unclear. It should be noted
that this is the only mechanism so far proposed that can
explain the later (> 100 Myr) expansion in core radii seen
in the LMC/SMC.
Thus at least two of these proposed causes must be at
work in causing the increase in Rcore with time, and probably
all three (and possibly other, as yet unknown mechanisms).
In a future paper we will theoretically investigate the causes
of core expansion in detail.
6 DISCUSSION AND IMPLICATIONS
6.1 Effect on dynamical age estimates
The results presented in Fig. 4 show that estimates of the dy-
namical age of a cluster, which can be defined as the number
of core relaxation times (trel) that have passed, will be wrong
when using the current Rcore. Because Rcore was smaller in
the past, the cluster has dynamically evolved more than one
would infer from the current properties (e.g. Portegies Zwart
& Chen 2006). Using the empirical fit displayed in Fig. 4 we
can estimate a correction factor F , that is, the ratio of the
true dynamical age over the dynamical age assuming that
Rcore has been constant. Here we define the dynamical age
as the number of core relaxation times that have passed, so
that F ≡ Ntrel,real/Ntrel,current.
The core relaxation time scales as R
3/2
core so we can cal-
culate F as
F (t) =
R t
0
[Rcore(t
′)]
3/2
dt′
tR
3/2
core(t)
, (1)
where we use Rcore(t
′) = 1.4 log(age) − 0.25 (Fig. 4). Since
the empirical fit goes to −∞ at t = 0, we have to assume an
initial Rcore at t = 0. In Fig. 5 we show in the left panel the
functional form of the empirical fit, for three initial Rcore.
In the right panel we show the resulting F (t) that follows
from a numerical integration of Eq. 1. F depends strongly on
the initial Rcore, but we can safely say that for the observed
value of very young clusters, F is somewhere between 3 and
5 at its peak value at an age of ∼ 10Myr. For ages . 2Myr
F = 1 because we have assumed a constant Rcore equal to
the initial Rcore there. F decreases again for ages & 10Myr
because the increase of Rcore has slowed down.
The results above and those shown in Fig. 5 are also
c© 2005 RAS, MNRAS 000, 1–9
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valid for the core crossing time of a cluster in the limit that
no stellar mass is lost during the expansion. However, if mass
loss is included the effect would be stronger on the crossing
time (since tcross ∝ M−0.5) and weaker on the relaxation
time (since trelax ∝ M0.5). If the core would lose 50% of its
mass during the expansion phase, then tcross would increase
by a factor of
√
2 and trelax would decrease by the same
amount.
This effect must be taken into account when estimating
the dynamical age of a cluster, for example to see whether
the degree of mass segregation is of primordial or dynamical
origin. We discuss this more in § 6.1.1.
6.1.1 Mass segregation
Whether a cluster is mass-segregated due to dynamical ef-
fects (energy equipartition), or if it is primordial (set by
the star/cluster formation process) in nature has potentially
large ramifications for the star/cluster formation process. In
order to test if a cluster’s observed mass segregation is dy-
namical or primordial in nature, a comparison is often made
to the observed (current) relaxation time, trel,current, to that
of the cluster age. If trel,current is greater than the cluster
age, then the mass segregation is thought to be primordial
(e.g. Hillenbrand & Hartmann 1998; Gouliermis et al. 2004;
de Grijs et al. 2002; Chen, de Grijs, Zhao 2007).
However, the results shown here indicate that the clus-
ter cores expand rapidly during the first 20 Myr or so,
and hence clusters were more compact in the past. Thus,
trel,current may overestimate the initial (and at earlier times)
relaxation time by a large factor. Figure 5 shows an ex-
ample of this effect, although we note that these calcula-
tions are meant as an illustrative example only, as we have
not included mass loss. Indeed, Portegies Zwart & Chen
(2006) find that the (half-mass) relaxation time can change
by a factor of several due to stellar evolution over the first
∼ 100 Myr.
Depending on the initial radius and cluster age, esti-
mating the number of relaxation times that a cluster has
gone through based on the current relaxation time can re-
sult in errors of a factor 1.5 to 6. Since this factor depends
strongly on the initial cluster radius, and since this is gen-
erally not known nor well constrained, it is highly uncertain
how many relaxation times a cluster has actually under-
gone. Thus, claims of primordial mass segregation based on
trel,current should be taken with caution.
6.1.2 Stellar mergers
The observed core expansion will significantly affect the in-
ternal dynamics of the cluster, causing the relaxation time to
increase rapidly. Freitag (2007) estimates that the relaxation
time could be up to 20 times longer after the core expansion
phase. This implies that dynamical mass-segregation, core-
collapse, and/or stellar merging only have a brief window in
which to operate, namely the embedded phase which lasts
for 1-3 Myr. The implications regarding stellar mergers, and
the subsequent formation of very massive stars, have been
considered in detail by Freitag et al. (2006). They conclude
that while the very dense state of the cluster may only last
for a short time, this may be compensated by the initially
very high densities.
Figure 5. Left: The evolution of Rcore for three different initial
radii, using the functional fit to the data in Fig. 4. Right: The
ratio of N(trel,real) (the real number of relaxation times that have
actually passed) to N(trel,current) (the number of relaxation times
that have have passed assuming that the current relaxation time
has been constant throughout the life of the cluster). Depending
on the initial radius and age of the cluster, using trel,current signif-
icantly underestimates the number of relaxation times that have
elapsed within the cluster.
6.2 Older compact clusters
While not found in our literature search (with the exception
of NGC 1569B), it is possible that some clusters remain
compact (Rcore < 1 pc) during their first 10-100 Myr of
evolution. This could happen if the effective star-formation
efficiency is extremely high, if the gas-dispersal timescale is
extremely long, or if the cluster stars were born with sub-
virial velocities. However, even in these extreme cases, some
expansion is expected due to stellar evolution. It is also clear
that clusters can be formed initially with large core radii,
however these clusters would be more likely to disrupt com-
pletely (due to RGE and stellar evolution) than their more
compact counterparts, assuming that the star formation ef-
ficiency (or, more correctly, the initial dynamical state of
the cluster) does not relate to cluster size.
7 CONCLUSIONS
We have presented high S/N spectra and high-resolution
imaging of six clusters in M51. By comparing the Hγ and
Hβ lines to template spectra, we have derived their ages.
Additionally, we have measured their structural properties
using the ISHAPE code of Larsen (1999). We find that the
clusters are ∼ 3 to 25 Myr old and have core radii ranging
from < 0.4 to 1.6 pc.
We note a strong trend between the core radius and age
of the clusters, in the sense that older clusters are larger. In-
cluding clusters with measured ages and structural param-
eters from the literature, we find this to be a common fea-
ture in cluster evolution. The most promising explanation
of this phenomenon is that clusters expand as they leave
their embedded phase, due to the change of gravitational
potential within the cluster. The growth in cluster size ap-
pears to begin at 2-3 Myr, in good agreement with the ex-
pected/observed duration of the embedded phase of cluster
evolution and the onset of gas expulsion. As a cluster ex-
c© 2005 RAS, MNRAS 000, 1–9
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pands (in particular its core) the relaxation time increases
dramatically (Freitag 2007), which limits dynamical mass
segregation and significantly lowers the chances of stellar
mergers (Freitag et al. 2006).
The rather small range in mass spanned by our M51
cluster sample argues that the observed relation between
age and core radius is not simply a reflection of an underly-
ing mass-radius relation. We caution, however, that the ob-
served trend of increasing core radius with age could be an
observational artifact if all clusters begin their lives severely
mass segregated. This would cause an underestimate of the
core radius for younger clusters whose light is dominated by
a few very massive stars.
These results show that the early phases of cluster evo-
lution are highly dynamic with many of a cluster’s funda-
mental parameters changing by large factors in a short time.
This leads us to caution (as did Goodwin & Bastian 2006)
that the determination of the parameters of young clusters
must only be taken as instantaneous values, they are not the
same as a few Myr previously, nor as they will be a few Myr
hence.
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